The gastrointestinal (GI) epithelium is the largest continuous mucosal surface in the human body. In the small intestine, the GI epithelium consists almost entirely of absorptive enterocytes, which are columnar shaped cells joined side-by-side at their apical aspects by tight junctions (TJ)[@b1][@b2][@b3]. Absorptive enterocytes are responsible for the bulk of nutrient absorption that occurs in the gut. In addition, absorptive enterocytes function as a barrier that is integral to GI physiology and homeostasis. TJs, for example, limit the paracellular leakage of solutes and macromolecules from the interstitium to the intestinal lumen. The apical surfaces of absorptive enterocytes, which are coated with a 400--500 nm thick meshwork referred to as the filamentous brush border glycocalyx (FBBG), is postulated to function in host defense by limiting access of plant- and microbe-derived toxins and pathogens to epithelial cell receptors[@b4][@b5][@b6]. In the event that infection or intoxication does occur, absorptive enterocytes are capable of secreting inflammatory chemokines, cytokines and lipid mediators as a strategy to coordinate the innate and adaptive responses to the biological insult[@b7][@b8][@b9].

Cytochrome P450 enzymes (P450s) are involved in the metabolism of both xenobiotic and endogenous molecules. Expression of numerous P450 enzymes has been detected in the small intestine at the mRNA and/or protein levels and the activities of these enzymes are thought to be integral to GI homeostasis[@b10]. To determine the *in vivo* function of intestinal epithelial P450s, we recently produced a mouse strain in which the intestinal epithelial P450 activities were abolished via tissue-specific deletion of the gene encoding cytochrome P450 reductase (CPR), the obligate electron donor for all microsomal P450s[@b11]. These so-called IE-Cpr-null mice do not display any obvious abnormalities in growth, development, or reproduction, and have a normal intestinal epithelium, according to routine histological and morphological analyses. However, they have been shown to be deficient in the first-pass metabolism of oral drugs and dietary contaminants[@b11][@b12][@b13][@b14]. In addition, the IE-Cpr-null mice display increased intestinal tissue levels of intermediates in cholesterol biosynthesis, including farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP), and up-regulation in the expression of the major histocompatibility complex class II (MHC II) genes, which are important for intestinal immunity[@b15]. Conceivably, the consequences of the CPR deletion may have additional functional effects on the capacity of the intestinal epithelium to respond to various environmental challenges, such as enterotoxin exposure and infection.

In this study we report that IE-Cpr-null mice are altered in their acute response to the plant-derived toxin, ricin. Following ricin exposure, IE-Cpr-null mice had elevated levels of the pro-inflammatory chemokine MCP-1 and increased tissue damage, as compared to wild-type (WT) mice. In terms of mucosal immunity, IE-Cpr-null mice had normal Peyer\'s patch numbers and were unaffected in their capacity to elicit a secretory IgA (SIgA) antibody response following intragastric immunization with a well-characterized antigen. However, SIgA baseline levels in IE-Cpr-null mice were elevated over WT littermate controls, suggesting a role for intestinal P450 enzymes in regulating mucosal homeostasis and immunity. Additionally, we compared between IE-Cpr-null and WT mice for serum and intestinal tissue levels of several endogenous compounds with potential regulatory roles in mucosal inflammation or immunity, and we observed significantly decreased levels of two P450-produced arachidonic acid metabolites (11,12-DiHETE and 14,15-DiHETE) in the intestinal epithelium of the IE-Cpr-null mice.

Results
=======

IE-Cpr-null mice are hypersensitive to acute intragastric toxin exposure
------------------------------------------------------------------------

As the intestinal epithelium is constantly exposed to a variety of biological insults, including microbial pathogens and plant- and bacterial-derived toxins, we sought to investigate the role of P450 enzymes in protecting the epithelium from those types of agents. We initially assessed the ability of IE-Cpr-null mice to defend against the invasive bacterial pathogen, *Salmonella enterica* serovar Typhimurium (*S*. Typhimurium). Groups of IE-Cpr-null and age-matched, wild-type (WT) control littermates were challenged intragastrically with a low (1 × 10^8^ colony forming units; CFU) or high (1 × 10^10^ CFU) dose of *S*. Typhimurium. The animals were euthanized 24 hr later and we enumerated CFUs in spleen, as well as Peyer\'s patch and non-Peyer\'s patch-containing segments of the small intestines. There was no difference in CFUs recovered from IE-Cpr-null mice as compared to control mice (data not shown). Nor were there any detectable differences in histopathology following *S*. Typhimurium between IE-Cpr-null and control mice, suggesting (at least preliminarily) that the absence of epithelial CPR does not alter the innate mucosal response to invasive enteric pathogens. In a separate study we are pursuing studies using *S*. Typhimurium expressing ovalbumin- and flagellin-derived peptides to evaluate whether or not IE-Cpr-null are affected in eliciting the onset of antigen-specific systemic and mucosal T and B cells[@b16][@b17].

We next examined the response of IE-Cpr-null mice to the plant-derived toxin, ricin. We previously established an acute model of intragastric ricin challenge that results in dose- and time-dependent damage to intestinal villi and a localized increase in the production of the pro-inflammatory chemokine MCP-1[@b18]. Ricin, derived from the castor bean plant (*Ricinus communis*), is a member of the ubiquitous ribosome-inactivating protein (RIP) family of toxins that includes Shiga toxins from *Escherichia coli*[@b19][@b20]. Groups of IE-Cpr-null mice and age-matched WT counterparts were challenged by gavage with ricin toxin (5 mg/kg). Groups of animals were euthanized at time points ranging from 12 to 60 hr later and tissues were collected for histopathology and MCP-1 analysis, as described in the Materials and Methods. Microscopic evaluation of hematoxylin and eosin (H&E)-stained tissue sections collected from the early time points (e.g., 18--24 hr) indicated that there was pronounced mucosal damage in ricin-treated WT and IE-Cpr-null mice that included widespread villus atrophy, swelling of interepithelial space and separation of the epithelium from the lamina propria ([Figures 1A--D](#f1){ref-type="fig"}; [S1](#s1){ref-type="supplementary-material"}). In general, IE-Cpr-null mice appeared more affected than toxin-treated control animals at early time points, although these differences did not achieve statistical significance. However, at 36 hr post ricin challenge, there was clearly a difference between IE-Cpr-null mice and WT littermates. The intestinal epithelium of toxin-treated WT mice had returned to baseline levels and appeared indistinguishable from vehicle (*i.e.*, PBS) treated mice ([Figure 1E](#f1){ref-type="fig"}). In contrast, in the intestinal mucosa of IE-Cpr-null mice there was significant toxin-induced tissue damage ([Figure 1E](#f1){ref-type="fig"}). These data suggest that the IE-Cpr-null mice may not be more sensitive to the initial toxin exposure as compared to control mice, but may in fact have defects in epithelial restitution and/or repair.

We have previously shown that local levels of the pro-inflammatory chemokine MCP-1 correlate with the severity of ricin-induced epithelial damage[@b18]. We therefore measured MCP-1 levels in WT and IE-Cpr-null mice as a quantitative measure of toxin-induced damage. As expected, MCP-1 levels spiked at 12 and 18 hr after ricin challenge in WT and IE-Cpr-null mice ([Figure 1F](#f1){ref-type="fig"}; [S2](#s1){ref-type="supplementary-material"}). In WT mice, MCP-1 levels in toxin-treated mice returned to baseline by 36 hr, whereas they remained significantly elevated in the corresponding IE-Cpr-null mice ([Figure 1F](#f1){ref-type="fig"}). By 60 hr post toxin challenge, MCP-1 levels had returned to normal in both WT and knockout mice. These results are consistent with the IE-Cpr-null mice having defects in epithelial and/or mucosal restitution following acute toxin exposure.

We postulated that IE-Cpr-null mice may be altered in various aspects of epithelial barrier function and/or have altered immune physiology, which may account for their differential susceptibility to ricin. To examine intestinal permeability, we assessed fecal pellets for the presence of elevated levels of serum proteins, albumin and IgG. Levels of serum albumin and IgG in fecal extracts are known to increase in animals in which the integrity of the intestinal barrier is compromised[@b21]. We found that neither albumin nor IgG levels were elevated in IE-Cpr-null mice as compared to age-matched WT mice ([Figure 2](#f2){ref-type="fig"}). In fact, albumin levels were slightly lower (*p* \< 0.0001) in the IE-Cpr-null mice as compared to age-matched WT mice, demonstrating that at steady state the integrity of the intestinal epithelium of IE-Cpr-null mice is not compromised.

Fecal (but not serum) IgA antibodies are elevated in IE-Cpr-null mice
---------------------------------------------------------------------

We next measured total IgA levels in fecal pellets as a surrogate marker of the status of the mucosal immune system in IE-Cpr-null mice. IgA is the predominant antibody isotype in intestinal secretions and is produced in response to local microbial and antigenic stimulation[@b22]. We therefore examined IgA levels in fecal pellets of mice before or after treatment with the mucosal adjuvant cholera toxin (CT). CT does not induce epithelial damage in mice, but does elicit strong toxin-specific antibody and T cells responses[@b23]. Freshly voided fecal pellets from WT and IE-Cpr-null mice were collected over regular intervals before or every two weeks after treatment with CT and assayed for total IgA levels. We found that IE-Cpr-null mice consistently had significantly higher (2--8 fold) levels of IgA antibodies in fecal extracts as compared to age-matched control mice ([Figure 3A](#f3){ref-type="fig"}). IgA levels were elevated in the gut, but not in the systemic compartment, as serum IgA (and IgG) levels were comparable in IE-Cpr-null and WT control mice ([Figure 3B, C](#f3){ref-type="fig"}). These data suggest that the IE-Cpr-null mice have a gut specific increase in intestinal IgA levels, possibly due to increases in antibody production and/or transport.

We reasoned that elevated levels of fecal IgA in IE-Cpr-null mice could be due to an increase in IgA transport by polymeric immunoglobulin receptor (pIgR), which is known to be the rate-limiting step in delivery of IgA into intestinal secretions[@b22]. To test this possibility we measured pIgR mRNA levels using real-time PCR in intestinal epithelial cells from age- and sex-matched WT and IE-Cpr-null mice. By this measure, we found no difference in pIgR expression between IE-Cpr-null and WT mice ([Figure S3](#s1){ref-type="supplementary-material"}), indicating that enhanced IgA transport (based on changes in transcriptional regulation of pIgR) is not likely to explain elevated levels of total IgA observed in the IE-Cpr-null mice.

Retinoic acid (RA) homeostasis and gut-associated lymphoid tissues (GALT) are not altered in the intestinal mucosa of IE-Cpr-null mice
--------------------------------------------------------------------------------------------------------------------------------------

RA in the intestine and GALT can promote B cell class switching to IgA producing cells, and thus increase the production of IgA in the intestinal mucosa. Since P450 enzymes participate in both synthesis and degradation of RA[@b24][@b25], we postulated that the loss of intestinal P450 activities in the IE-Cpr-null mice could lead to altered levels of RA. However, the *in vivo* level of all-trans retinoic acid (atRA) in the small intestinal epithelium was not significantly different between WT and IE-Cpr-null mice ([Figure S4](#s1){ref-type="supplementary-material"}). This is most likely because of contributions by non-P450 enzymes in RA synthesis, as well as parallel decreases in rates of degradation of atRA, which is mainly catalyzed by microsomal P450s, in the intestinal mucosa of IE-Cpr-null mice. Furthermore, these results suggest that the increase in fecal sIgA levels in the IE-Cpr-null mice was unlikely due to an alteration in RA homeostasis.

Elevated levels of IgA could also be the consequence of dysregulation of GALT, particularly altered cellularity of intestinal Peyer\'s patches. Peyer\'s patches collected from IE-Cpr-null and WT mice were stained with H&E and observed by bright-field microscopy or prepared as cryosection and stained for markers of B cells, T cells and dendritic cells. We found that the overall structure of the Peyer\'s patches in IE-Cpr-null mice was by all measures identical to that of WT mice. The Peyer\'s patch lymphoid follicles were normal in size, number and cellular organization ([Figures 4](#f4){ref-type="fig"}; [S4](#s1){ref-type="supplementary-material"}; [S5](#s1){ref-type="supplementary-material"}). Quantitative analysis of B and T cell numbers by flow cytometry further confirmed that IE-Cpr-null mice have normal Peyer\'s patch composition. These results indicate that the increase in fecal sIgA levels was not due to a gross alteration in the GALT, although they do not exclude the possibility that more subtle differences may exist between WT and IE-Cpr-null mice that ultimately influence IgA production and or transport.

Serum and small intestinal tissue levels of corticosterone are not altered in the IE-Cpr-null mice
--------------------------------------------------------------------------------------------------

Considering the anti-inflammatory properties of glucocorticoids and the involvement of P450s in their biosynthesis, we postulated that the observed differences in sensitivity between WT and IE-Cpr-null mice to ricin challenge could be a consequence of differences in serum and/or tissue glucocorticoid levels. We therefore examined glucocorticoid levels in WT and IE-Cpr-null mice before and after ricin challenge. Among the four glucocorticoids analyzed (corticosterone, cortisol, deoxy-corticosterone, and 11-deoxycortisol), only corticosterone was detectable in serum and small intestinal epithelium. We found that there were no differences between WT and IE-Cpr-null mice in the basal corticosterone levels in either sera or small intestinal epithelium, or in the levels at 16 h and 39 h after ricin challenge ([Figure 5](#f5){ref-type="fig"}). This result suggests that the differing sensitivity of the two strains to ricin-induced toxicity was not due to a difference in serum or tissue glucocorticoid levels.

Levels of 11,12-DiHETE and 14,15-DiHETE are decreased in the small intestinal epithelium, but not in serum, of the IE-Cpr-null mice
-----------------------------------------------------------------------------------------------------------------------------------

P450s also mediate one of the three major pathways of arachidonic acid (AA) metabolism, producing hydroxyeicosatrienoic acids (HETES) and epoxyeicosatrienoic acids (EETs). EETs, which are readily converted to dihydroxyeicosatrienoic acids (DiHETEs) by epoxide hydrolases, are well-known anti-inflammatory mediators[@b26][@b27][@b28]. In *in vitro* studies, we detected a number of AA metabolites in small intestinal microsomal reactions with AA, including 5,6-EET, 8,9-EET, 11,12-EET, 14,15-EET, 5,6-DiHETE, 8,9-DiHETE, 11,12-DiHETE,14,15-DiHETE, 19-HETE and 20-HETE, of which 11,12-DiHETE and 14,15-DiHETE appeared to be the most abundant (data not shown); the rates of metabolite formation were substantially lower in IE-Cpr-null mice than in WT mice, thus confirming role of microsomal P450 enzymes in intestinal AA metabolism. However, under the assay conditions used, we could reliably detect only 11,12-DiHETE and 14,15-DiHETE, as well as AA, but not the other aforementioned *in vitro* metabolites, in the serum and small intestinal epithelium of either WT or IE-Cpr-null mice. The levels of 11,12-DiHETE and 14,15-DiHETE were significantly lower in the intestinal epithelium of IE-Cpr-null mice as compared to age and sex-matched WT mice, whereas AA levels were not significantly different between the two mouse strains ([Figure 6A](#f6){ref-type="fig"}). In the serum, levels of AA and the two detected DiHETEs were not significantly different between WT and IE-Cpr-null mice ([Figure 6B](#f6){ref-type="fig"}). These results indicate that the loss of intestinal P450 activities did not affect systemic levels of AA and its metabolites, but led to selective reduction in intestinal levels of 11,12-DiHETE and 14,15-DiHETE (and presumably, their corresponding, less stable EET precursors).

Discussion
==========

In this study we took advantage of the recently developed IE-Cpr-null mouse model to investigate the role of epithelial P450 enzymes in modulating intestinal inflammation and immunity following exposure to ricin toxin. Our data suggest that at steady state, in a specific pathogen-free (SPF) environment, IE-Cpr-null mice display no obvious alterations in intestinal epithelial barrier function, nor do they have any gross alterations in the GALT. Moreover, the IE-Cpr-null mice were fully capable of mounting both local and systemic antibody responses to CT administrated by gavage. However, the knock-out mice were more sensitive than WT littermate controls to ricin toxin challenge, as evidenced by increased severity of mucosal damage and elevated levels of the pro-inflammatory chemokine MCP-1. While we have yet to elucidate the underlying mechanisms responsible for increased sensitivity of the IE-Cpr-null mice to ricin-induced tissue damage and inflammation, our study suggests that the P450-mediated metabolism of endogenous substrates, such as AA, could play a role in this process.

The increased severity of tissue damage associated with the IE-Cpr-null mice following ricin exposure could be a consequence of the CPR-deficient epithelial cells being intrinsically less resistant to the effects of toxins and/or impaired in one or more steps associated with epithelial restitution following toxic insult[@b29]. Our results implicate epithelial restitution and/or renewal as likely being affected in the IE-Cpr-null mice, and not the intrinsic integrity of the intestinal epithelium. Ricin toxin is a member of the ribosome-inactivating protein (RIP) family of toxins that are known to have multiple effects on intestinal epithelial cells. *In vitro*, application of ricin to the apical surfaces of polarized intestinal epithelial cell monolayers results in an arrest of protein synthesis within 3--4 hrs[@b30][@b31]. One consequence of protein synthesis arrest is activation of the so-called ribotoxic stress response (RSR), which triggers cellular stress-activated protein kinase pathways (SAPKs) in intestinal epithelial cells, resulting in gross changes in gene expression and the secretion of an array of pro-inflammatory cytokines and chemokines[@b32][@b33][@b34][@b35][@b36]. Ricin, which is known to traffic retrograde to the endoplasmic reticulum (ER) may also affect physiology of the ER and thereby indirectly perturb microsomal enzymes, including CYPs[@b37]. The effects of ricin on the intestinal epithelium are complicated *in vivo*, however, as we postulate that inflammatory cytokine secretion by lamina propria macrophages exacerbates and accelerates toxin-induced epithelial cell death[@b38].

It is worth noting that MHC II gene expression is upregulated in intestinal epithelial cells of IE-Cpr-null mice[@b15]. MHC II plays an essential role in the adaptive immunity through antigen presentation to CD4^+^ T cells. The IE cells are capable of processing and presenting gut luminal antigens to CD4^+^ T cells within the intestinal mucosa[@b39]. However, further studies are needed to determine whether the up-regulation of the MHC II genes was mechanistically related to the observed hypersensitivity to ricin toxicity in the IE-Cpr-null mice. In that regard, it was recently reported that induction of IE cell MHC II expression underlies the anti-inflammatory function of IFN-γ in the mouse intestine[@b40], a finding in contrast to the present observation of an apparent association of increased IE cell MHC II expression with increased sensitivity to ricin-induced intestinal inflammation. In our study, we also found that the Peyer\'s patch lymphoid follicles in IE-Cpr-null mice were normal in size, number and cellular organization, and that there was no difference in total B cell and T cell numbers between WT and IE-Cpr-null mice, results suggesting that the greater expression of IE cell MHC II genes in the IE-Cpr-null mice was not associated with any gross alterations in the gut immune system. It remains to be determined whether the chronic elevation of IE cell MHC II gene expression is associated with subtle differences between the two mouse strains in T-cell activation in the intestine.

SIgA is the most abundant immunoglobulin class in the GI tract and mediates a diverse array of functions associated with intestinal immunity[@b41][@b42][@b43]. IgA-producing B cells arise in Peyer\'s patches in response to mucosal antigens and then migrate into the surrounding mucosa and mature into plasma cells. Dimeric and polymeric forms of IgA present in interstitial fluids are transported unidirectionally into the intestinal lumen by the pIgR, ultimately giving rise to SIgA. It is interesting therefore that steady-state levels of intestinal IgA were markedly elevated in IE-Cpr-null mice as compared to WT control animals. The fact that serum IgA levels were unchanged in IE-Cpr-null indicates that the absence of intestinal P450 enzyme activities results in a local (and not systemic) effect on antibody levels. Our studies suggest that the observed increase in fecal IgA levels was not due to alterations in mucosal B cell numbers or an up-regulation of the pIgR gene expression. We did not, however, examine the effect of the IE CPR mutation on pIgR transport activity. Transcytosis of IgA by the pIgR is influenced by environmental factors and controlled at the post-transcriptional level by SRC family of protein tyrosine kinases[@b44], raising the possibility that there is a link between cytochrome P450 enzymes and pIgR transport activity. Addressing this issue will require the use of well-characterized model of polarized intestinal epithelial cell monolayers in which pIgR transport has been reconstituted[@b45].

It remains to be determined whether the reduction in intestinal levels of 11,12-DiHETE and 14,15-DiHETE (and presumably, their corresponding EET precursors) would explain, at least in part, why the IE-Cpr-null mice had increased sensitivity to ricin-induced inflammation in the small intestine. EETs have been shown to have a number of anti-inflammatory effects[@b27]. EETs, formed mainly by CYP2C- and CYP2J-mediated AA metabolism, elicit anti-inflammation effects by suppressing cytokine-induced expression of endothelial cell adhesion molecules, and by inhibiting the activation of NF-kB, a key transcription factor for the induction of many proinflammatory genes[@b26][@b27]. In addition, EETs can promote organ and tissue regeneration, as evidenced by delayed tissue regeneration after genetically or pharmacologically lowering the levels of EETs, and accelerated organ regeneration after administration of inhibitors of soluble epoxide hydrolase, which elevate endogenous EETs levels[@b46]. Therefore, a decrease in the levels of intestinal EETs, as we deduce to occur in the IE-Cpr-null mice, might delay epithelial recovery following the injury induced by ricin exposure.

It should be noted that the tissue-specific loss of CPR in the intestinal epithelium results in the loss of not only microsomal P450 activities, but also heme oxygenase (HO) activities in the epithelial cells[@b15]. Thus, loss of the epithelial HO activity might also contribute to the mechanisms for the increased sensitivity of IE-Cpr-null mice to ricin-induced small intestinal tissue damage. HO is a rate-limiting enzyme in the breakdown of heme. It is believed that HO, possibly through its metabolite bilirubin, has a protective role against intestinal inflammation and oxidative stress[@b47][@b48]. However, although HO activity in the epithelial cells was decreased by more than 90% in IE-Cpr-null mice as compared to WT mice, there was no significant difference between WT and IE-Cpr-null mice in heme and bilirubin levels in intestinal epithelial cells (15). Therefore, it appears that HO activity in the epithelial cells does not play an essential role in controlling bilirubin levels, a notion arguing against a role for the loss of HO in the increased sensitivity to ricin. Nevertheless, further studies to directly address the role of HO are warranted. It is also intriguing that the IE-Cpr-null mice were hyperresponsive to some challenges (ricin and CT) but not to others (bacterial infection). Further studies on metabolomic differences between the null and WT mice, particularly for endogenous compounds that may differentially modulate immune responses to differing types of pathogens, may shed light on the underlying mechanisms.

Methods
=======

Chemicals and reagents
----------------------

Ricin toxin was purchased from Vector Laboratories (Burlingame, CA). Tween 20 was purchased from Bio-Rad (Torrance, CA). Paraformaldehyde (16%) solution was purchased from Electron Microscopy Sciences (Fort Washington, PA) and diluted 1:4 into phosphate-buffered saline (PBS) or in PHEM buffer prior to use. The steroids were purchased from Steraloids (Newport, RI). Arachidonic acid and its metabolites were purchased from Cayman Chemical (Ann Arbor, MI). All other chemicals were obtained from the Sigma-Aldrich Company (St. Louis, MO), unless noted otherwise. High-performance liquid chromatography (HPLC)-grade acetonitrile, methanol, and water were from Fisher Scientific (Pittsburgh, PA).

Animals and treatments
----------------------

Experiments described in this study that involve mice were approved by and performed in strict accordance with the Wadsworth Center\'s Institutional Animal Care and Use Committee (IACUC) under protocols 11--331 and 12--428 and 13--384. The Wadsworth Center complies with the Public Health Service Policy on Humane Care and Use of Laboratory Animals and was issues assurance number A3183-01. Moreover, the Wadsworth Center is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Obtaining this voluntary accreditation status reflects that Wadsworth Center\'s Animal Care and Use Program meets all of the standards required by law, and goes beyond the standards as it strives to achieve excellence in animal care and use.

Adult male and female IE-Cpr-null mice (2- to 3-month-old) and age matched WT littermates were obtained from breeding stocks maintained at the Wadsworth Center under SPF conditions. The IE-Cpr-null mice are congenic to C57BL/6, as described previously[@b11]. Mice were housed under conventional, specific pathogen-free conditions. Animals were provided food and water ad libitum. Mice were euthanized by CO~2~ asphyxiation followed by cervical dislocation, except for corticosterone determinations, in which the animals were sacrificed directly by cervical dislocation. Blood samples were collected by cardiac puncture and were kept on ice for 1 h prior to centrifugation at 13,000 × *g* for 10 min at 4°C. Small intestinal epithelial cells were isolated by scraping, as described previously[@b49]. Mice were administered with ricin toxin (5--10 mg/kg) or *S.* Typhimurium strain ATCC 14028S (1 × 10^∧^8--1 × 10^∧^10 CFU) by the intragastric route (i.g.) using feeding needles[@b18]. Freshly voided fecal pellets were collected as previously described[@b38].

RNA isolation and pIgR qPCR analysis
------------------------------------

Small intestinal epithelial cells of IE-Cpr-null and WT mice (4--7 for each group) were collected for RNA preparation essentially as described[@b15]. Total RNA was prepared from enterocytes of individual mice, using TRIzol (Invitrogen, Carlsbad, CA). RNA concentration and purity were determined spectrally, and the integrity of the RNA samples was assessed by ethidium bromide staining after agarose gel electrophoresis. Real-time PCR was performed using 2 μg of total RNA as described[@b15]. PCR primers were the same as previously reported[@b50] (forward: 5′-agtaaccgaggcctgtcctt-3′, and reverse, 5′-gtcactcggcaactcagga-3′). The levels of mRNAs in various total RNA preparations were normalized by the level of GAPDH mRNA in a given sample.

Measurement of retinoic acid (RA) levels in small intestinal epithelium
-----------------------------------------------------------------------

RA extraction was performed essentially as described previously[@b51]. Briefly, small intestinal mucosa from each mouse was homogenized in 3 volumes of saline; a 0.45-ml aliquot of the homogenate was spiked with 10 μl of the internal standard (d5-atRA, 2 ng/μl) and then extracted with hexane according to a 2-step protocol[@b51]. The organic phase from step two were dried under nitrogen and then resuspended in 60 μl of acetonitrile and analyzed with LC-MS/MS (ESI negative ionization mode).

For RA detection a Symmetry C~18~ column (2.1 × 150 mm, 3.5 μm particle size, Waters, Milford, MA, USA) was used for HPLC. The mobile phase consisted of 2 mM ammonium acetate, pH 8.0 (A) and 10% 10 mM ammonium acetate/90% acetonitrile (B). A linear gradient was used, with the initial hold at 65% B for 2 min, increasing to 90% B over 10 min, a hold at 90% B for 10 min, and a return to 65% B over 1 min. The column was equilibrated at the initial condition for 12 min prior to the next injection. The flow rate was 0.25 ml/min throughout, and the mass spectrometer was operated in the ESI negative ionization mode. Nitrogen was used as the curtain gas (30 psi), gas 1 (60 psi), gas 2 (60 psi), and the collision gas (setting high). The ion spray voltage was set at −4500 V, and the gas temperature was at 400°C. The declustering and entrance potentials were −80 and −8 V, respectively. The collision energy was −30 eV and collision cell exit potential was −6 V.

Measurement of corticosterone and eicosanoids in serum and intestinal epithelium
--------------------------------------------------------------------------------

Small intestinal mucosa was homogenized in 3 volumes of methanol/water (2:1); 1-ml aliquot of the homogenate was spiked with 10 μl of an internal standard ([@b13]C2-progesterone, 15.8 μM; d8-AA 10 ng/μL; or d8-AEA, 2 ng/μL), and centrifuged at 20,000 × g for 10 min. The supernatant was collected and diluted with 2 ml of H~2~O, and then purified by solid-phase extraction (SPE) on Isolute C~18~ cartridges (200 mg/3 ml, Biotage, Charlottesville, VA, USA). For serum, 50 μl was spiked with the internal standards, and 300 μl of methanol was added to precipitate proteins, followed by centrifugation at 20,000 × g for 10 min. The supernatant was collected and diluted by 1.6 ml of H~2~O prior to SPE. The C~18~ cartridges were equilibrated with H~2~O prior to loading of the diluted samples, and the analytes were eluted in 1 ml of methanol followed by 1 ml of methylene chloride. The combined eluate was evaporated to dryness under N~2~. The residues were resuspended in 100 μl of methanol. The processed samples were analyzed by the established LC-MS/MS (APCI positive mode for glucocorticoids, and ESI negative mode for AA and its metabolites) methods[@b52][@b53][@b54].

Glucocorticoids were determined essentially according to[@b52] using a Luna Phenyl-Hexyl column (2.0 × 150 mm, 3 μm particle size, Phenomenex, Torrance, CA, USA) for HPLC. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). A linear gradient was used, with the initial hold at 30% B for 2 min, increasing to 90% B over 10 min, then increasing to 100% B in 3 min, a hold at 100% B for 5 min, and a return to 30% B over 1 min. The column was equilibrated at the initial condition for 10 min prior to the next injection. The flow rate was 0.3 ml/min throughout. Nitrogen was used as the curtain gas (30 psi), gas 1 and 2 (50 psi), and the collision gas (setting medium). The nebulizer current was 3 μA, and the gas temperature was 500°C. The declustering and entrance potentials were 85 and 10 V, respectively. The collision energy was 32 eV and collision cell exit potential was 15 V.

All samples were analyzed on an Applied Biosystems/MDS Sciex API 4000 Q-Trap mass spectrometer equipped with a turbo ion spray source and interfaced with an Agilent 1200 series liquid chromatograph. For all samples, the injection volume was set at 20 μl, and the column was at ambient temperature. Multiple reactions monitoring (MRM) was used for quantitative analysis. The MRM transitions for the analytes are given in [Table 1](#t1){ref-type="table"}, which were based on previously reports[@b52][@b54], and on product-ion spectrum of the standards (data not shown).

ELISA
-----

Serum and fecal antibody titers were determined by ELISA, as described previously[@b38]. Briefly Nunc Maxisorb F96 microtiter plates (Fisher) were coated with anti-IgA, anti-IgG, or anti-albumin antibodies (0.1 μg/well) in PBS (pH 7.4) overnight at 4°C, washed three times with PBS-Tween 20 (PBS-T; 0.05%, vol/vol), and blocked with goat serum (2%, wt/vol, in PBS-T) for 1 h, before being probed with primary Abs. Primary Abs were detected using horseradish peroxidase (HRP)-labeled goat anti-mouse IgA or IgG-specific polyclonal secondary antibodies (Southern Biotech) and TMB (3,3′,5,5′ tetramethylbenzidine) colorimetric substrate (Kirkegaard & Perry, Gaithersburg, MD). Microtiter plates were analyzed with a SpectroMax 250 microtiter spectrophotometer (Molecular Devices), interfaced with a personal computer running Softmax software. Averages and standard errors between replicate samples were calculated using Excel 2010 (Microsoft, Redmond, WA).

Intragastric ricin challenge and tissue collection
--------------------------------------------------

Toxin challenge studies required a one-time administration of ricin (5 mg/kg diluted in PBS) to mice by the i.g. route using a 22 G × 1.5-inch blunt-end feeding needle (Popper Scientific, New Hyde Park, NY)[@b18][@b38]. Animals were euthanized by CO~2~ asphyxiation at twelve, thirty-six, and sixty hour time point. Freshly excised segments of the proximal small intestines of the mice were immersed in Bouin\'s fixative and embedded in paraffin, or homogenized in ice-cold cell lysis buffer (Cell Signaling, Beverly, MA) supplemented with protease inhibitors, and then frozen at −20°C. MCP-1 levels in intestinal homogenates were determined by the BD cytometric bead array (CBA) flex set (BD Biosciences, San Jose, CA), as described previously[@b18]. Flow cytometric analysis was done using a FACS Calibur in the Wadsworth Center Immunology Core. Hematoxylin and eosin (H&E) stained sections of the small intestine were scored for ricin intoxication according to a 12-point histologic grading system, which was based on the severity and extent of alterations in villus shape (width and height), lamina propria edema, interepithelial swelling, and the presence of cellular infiltrate in the intestinal lumen[@b18]. Tissue section samples were coded and blinded prior to being provided to investigators for scoring.

Hematoxylin--eosin (H&E) staining
---------------------------------

Bouin fixed tissue were sectioned; dry sections were fixed in 10% buffered formalin (Starplex Scientific, Etobicoke, Ontario, Canada) for 30 sec and washed in tap water three times. After washing with running tap water for 3 min, the sections were stained with Mayer\'s Haemalaun (Merck, Darmstadt, Germany) for 10 min. Following differentiation in freshly prepared 3.75% HCl (in 70% ethanol), the sections were washed with running tap water for another 5 min, dehydrated in 70% and 90% ethanol for 2 min each, stained with alcoholic eosin (containing 0.1% phloxine in 90% ethanol; Sigma--Aldrich, Steinheim, Germany) for 5 min, dehydrated in 100% ethanol and xylene and finally mounted in Entellan New (Merck, Darmstadt, Germany) mounting medium.

Immuno fluorescence and fluorescence microscopy analysis of mouse Peyer\'s patches
----------------------------------------------------------------------------------

Freshly dissected PPs from different sections of the small intestine were embedded in TissueTek1-Optimal Cutting Temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA) and then snap-frozen in liquid nitrogen[@b55]. Frozen blocks were sectioned at 20 μm with a Reichert-Jung 2800 e Cryostat (Leica, Wetzlar, Germany), air dried overnight and then subjected to 2 min in acetone, followed by 3 five-minute incubations in PBS-Tween 20 (PBS-T; 0.05%, vol/vol) at 25°C. Slides were wiped dry carefully and with an ImmEdge hydrophobic pen a circle was drawn around each section to contain reagents. Sections were blocked with 2% goat serum in PBS for 30 min at 37°C (Vector Labs, Burlingame,CA, H-4000). Slides were rinsed for 10 sec in PBS-T and Fc receptors were then blocked for 10 min at 37°C (with supernatants from ATCC 2.4.G2 cells or commercial Fc Block Rat Anti-Mouse CD16/CD32, BD Biosciences, San Jose, CA). Sections were stained with antibody cocktail of CD45R/B220, CD3, CD11c (CD45R/B220-APC, cat 553092, BD Biosciences, 561798 CD3 FITC, CD11c-PE, 17-0114-82, eBioscience, San Diego, CA). All staining incubations were done at 37°C for 1 hr in a moisture chamber. Sections were washed with PBS-T, in three 5-min incubations. Sections were incubated with 4% Paraformaldehyde for 4 min at room temperature followed with a PBS-T rinse for 1 min. Slides were sealed with ProLong Gold antifade reagent (Invitrogen, Grand Island, NY). Confocal images were collected on a Leica SP5 confocal system using a 10× air objective (NA 0.4) and a 2× optical zoom (Leica, Wetzlar, Germany).

Isolation of PP cells and flow cytometry
----------------------------------------

Single cell suspensions of PP cells were isolated as described[@b55]. For flow cytometry, isolated cells were transferred to a 96 round-bottom well plate and subjected to centrifugation at 1000 × g for 5 min. Fc receptors were blocked for 15 min with supernatants from the ATCC 2.4.G2 cell line before the addition of the primary antibody cocktail (20 ug/ml). Cells were incubated on ice for 30 min with continuous rocking and then washed and fixed in PHEM buffer containing 1% paraformaldehyde and subjected to flow cytometry using a FACS Calibur. Results were analyzed using Cell Quest Pro software version 5.2. For imaging flow cytometry was performed using the Image Stream (Amnis, Seattle WA) equipped with a 480--560 laser. Cells (1 × 10^6^) were prepared in 50 μl of PHEM buffer containing 1% paraformaldehyde. Anti-mouse Abs CD45R/B220-APC, CD3-FITC, CD4-PE, CD8-PE were purchased from BD Biosciences (Franklin Lakes, NJ); CD45R/B220-APC was from eBioscience and CD19-PercP was from BioLegend.
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![Intestinal lesions and inflammatory chemokine production in WT and IE-Cpr-null mice following ricin challenge.\
Intestinal tissues were collected from WT and IE-Cpr-null mice at time points after the animals had been gavaged with ricin toxin, as described in Methods. (Panels A--D) Representative H&E sections of proximal small intestines collected from WT (A, C) and IE-Cpr-null mice (B, D) 24 hr after ricin challenge. (Panel E) Histological scoring of tissues of WT and IE-Cpr-null mice collected 36 hr after challenge demonstrating that knock-out mice have more profound tissue damage than control mice in response to ricin. (Panel F) MCP-1 levels in intestinal tissue homogenates of WT and IE-Cpr-null mice at indicated time points after ricin challenge. PBS control are indicated as solid blue circles; ricin challenged animals are solid orange squares. The asterisks indicate significance (p \< 0.05) as determined by the Students t test.](srep05551-f1){#f1}

![Fecal albumin and IgG levels in WT and IE-Cpr-null mice.\
Freshly voided fecal pellets from WT and IE-Cpr-null mice were homogenized as indicated in the Methods. We used ELISAs to assess (Panel A) albumin and (Panel B) IgG levels in the homogenates. Each symbol represents a single fecal pellet collection. Statistical analysis was performed with the Mann-Whitney test (n = 8). Red bars indicate average values ± SEM. \*, P \< 0.05.](srep05551-f2){#f2}

![Total Fecal and serum antibody levels in WT and IE-Cpr-null mice before or after mucosal adjuvant treatment.\
(Panel A) Fecal pellets samples were collected from individual mice at two week intervals for ten weeks from groups (n = 8) of WT and IE-Cpr-null mice repeatedly immunized with CT, as described in Methods. IgA levels in fecal extracts were measured with ELISA. Horizontal bars indicate averages. (Panels B and C) Baseline serum IgG (B) and IgA (C) levels were measured from groups of age matched WT and IE-Cpr-null mice. Each symbol represents a single mouse. Red bars in Panels B and C indicate average values ± SEM. Statistical analysis was performed with Mann-Whitney T-test (\*, P \< 0.05, and \*\*, P \< 0.005).](srep05551-f3){#f3}

![Cellularity of Peyer\'s patches from WT and IE-Cpr-null mice.\
Peyer\'s patches from 8 wk-old WT (Panels A, C) and IE-Cpr-null (Panels B, D) mice were prepared and immuno-stained as described in the Methods. Cryosections were labeled with fluorophore-conjugated antibodies as indicated below. (Panels A, B) Cryosections were stained with antibodies against CD11c (magenta), B220 (blue), and CD3 (green). (Panels C, D) Cryosections were stained with antibodies against IgA (green) and CD11c (red). (Panel E) Monodisperse cell suspensions of total Peyer\'s patch cells from WT (open bars) and IE-Cpr-null (solid bars)mice were subjected to flow cytometry as a means to enumerate B and T cell subsets. Cell suspensions were labeled with fluorophore-conjugated antibodies against epitopes B220, CD19, CD3, CD4, or CD8. At least four mice were used for each analysis and the experiments were repeated at least three times.](srep05551-f4){#f4}

![Corticosterone levels in WT and IE-Cpr-null mice.\
Serum and small intestinal mucosa were collected from 2 \~ 3-month old, female mice (either untreated or at 16 h or 39 h after ricin challenge). Samples were processed individually to measure corticosterone levels with LC-MS/MS, as described in Methods. Data represent means ± SEM (n = 5--12).](srep05551-f5){#f5}

![Levels of AA and its metabolites in small intestinal mucosa and serum of WT and IE-Cpr-null mice.\
Small intestinal mucosa and serum were collected from individual untreated (2 \~ 3-month old) WT and IE-Cpr-null female mice. Samples were processed to measure AA and its metabolites with LC-MS/MS, as described in Methods. Data represent means ± SEM. \*\*, P \< 0.01 compared to WT (Student\'s t test, n = 8--11).](srep05551-f6){#f6}

###### MRM transitions employed for the detection of RA, corticosterone, AA and its metabolites (11,12-DiHETE, 14, 15-DiHETE)

  Compound          MS/MS transition         Compound         MS/MS transition     Compound     MS/MS transition
  ---------------- ------------------ ---------------------- ------------------ -------------- ------------------
  RA                   299 → 255             Cortisol            363 → 267            AA           303 → 259
  RA                   299 → 119       Deoxy-corticosterone       331 → 97            AA           303 → 205
  d5-RA                304 → 260       Deoxy-corticosterone      331 → 107       11,12-DiHETE      337 → 167
  d5-RA                304 → 120         11-deoxycortisol        347 → 109       14,15-DiHETE      337 → 207
  Corticosterone       347 → 121         11-deoxycortisol         347 → 97          d8-AA          311 → 267
  Corticosterone        347 → 97       ^13^C2-Progesterone        317 → 97          d8-AA          311 → 213
  Cortisol             363 → 121       ^13^C2-Progesterone       317 → 111                              
